Systems of anaerobic digestion should be used for processing of organic waste. Managing the process of anaerobic recycling of organic waste requires reliable predicting of biogas production. Development of mathematical model of process of organic waste digestion allows determining the rate of biogas output at the two-stage process of anaerobic digestion considering the first stage. Verification of Konto's model, based on the studied anaerobic processing of organic waste, is implemented. The dependencies of biogas output and its rate from time are set and may be used to predict the process of anaerobic processing of organic waste.
INTRODUCTION
Nowadays more than 50 billion tons of waste from energetic, industrial, agricultural enterprises and domestic sector are received by the atmosphere, water and soil in the world annually, including more than 150 million tons of waste from industrial enterprises [1] .
With an increase in the amounts of organic waste, the methods of their processing should be studied. Today about 140 thousand hectares of land area in Ukraine are occupied by landfills, which hold more than 38 billion tons of solid waste. Only 3 % of such waste is utilised or processed [2] .
Most of the existing landfills have already exceeded their designed lifetime of exploitation. Lack of monitoring systems almost at all landfills increases their environmental hazards.
The main pollutant emissions from landfills are formed from the decomposition of organic waste. A major contributor to environmental pollution is organic waste that remains after sewage treatment. During the storage of organic waste, methane and carbon dioxide are generated and released to the atmosphere out of control.
For processing of organic waste, the method of anaerobic digestion is advisable to use, which produces an additional source of energy, reduces the level of technogenic load and increases the level of environmental safety in general.
Use of anaerobic technology of organic waste processing allows getting rid of manure of different types (including bird droppings), recycling plant remains (overwintered silage, foliage of food crops, etc.) and utilising organic waste of poultry factories and poultry slaughterhouses, as well as wastewater treatment products. Waste treatment is, first of all, a system that is cost-effective and that increases the environmental safety of the country.
One person produces 0.5-3 kg of household and industrial waste per day, from which 0.00125-0.5 m 3 of biogas may be received. Amount of the produced biogas depends on the type of waste and recycling technologies [2] .
Our own experimental studies confirm the environmental and economic feasibility of anaerobic organic waste processing technologies [3] , [4] .
To improve the management of organic waste treatment, it is necessary to create a mathematical model of predicting biogas production, which optimises the fermentation process.
The existing mathematical models of biogas produce differ in a set of state variables that are taken into account during their calculation and in the type and order of equations on which they are based [5] , [7] , [9] , [12] . The simplest models are based on algebraic equations that allow predicting the dynamics of methane producing. However, these simple models do not always give an adequate prediction because their equations are based on empirical relationships under specific conditions. Model prediction becomes meaningless outside of these conditions. More complex models are based on Cauchy problems for systems of ordinary differential equations and on initial-boundary value problems for differential equations in partial derivatives. The latter describe not only the dynamics of the number of substances but also their spatial distribution. These complex models are based on fundamental studies of biochemical reactions and contain more state variables, so their forecast is adequate in wide limits of changing conditions of the process. However, despite their universality, the application field of complex models is limited. This is due to the fact that the problem of their identification is very complex and is solved only under laboratory conditions, so the mentioned models require to be updated for modelling industrial processes characterised by significant uncertainty [5] .
The usual forms of describing of anaerobic processes of biomass digestion are discrete dynamic models based on Mono's equations and their numerous modifications. One of the possible variants is modelling based on Chen and Hashimoto equation that describes the intensity of process of anaerobic digestion and biogas producing [6] .
Andrews and Graef (1971) published a mathematical model, which is general and does not imply any particular type of organic substrate. pH of environment should be from 6 to 8, fixed temperature -38 o C, while the stage of hydrolysis is not included. The model describes only one type of microorganisms [7] .
The model of Hill and Barth (1977) , which describes the process of methane fermentation of animal waste, includes the stage of hydrolysis and its parameters are expressed as the Arrhenius equation.
Hill (1983) predicts anaerobic process of recycling of waste from poultry, beef, dairy or pigs with two parameters -biorecycling stable and constant of acidity. Temperature range is 20 °C…60 °C; the hydrolysis step is not included.
Husain model (1998) is based on the model of Hill, but includes a large number of chemical reactions.
The model of Batstone (2002) is known as ADM1 (Anaerobic Digestion Model No. 1). It describes biochemical and physical-chemical processes and includes the stage of dissolution, extracellular hydrolysis, methanogenesis and acidogenesis [8] . ADM1 is described by 32 ordinary differential equations, 12 of which describe the dynamic behaviour of particles and biomass, 10 -dissolved components, 2 -inorganic nitrogen and carbon, 2 -cation/anion balance of fluids, 6 -acid-base reactions to determine the pH [9] .
Zaher (2009) describes the process of anaerobic digestion of dairy waste, which includes hydrolysis acidogenesis, methanogenesis. The model is presented for periodic processes with continuous mixing at 35 °C [8] .
The analysed models differ in a set of state variables that is taken into account during their building and in the type and order of equations on which they are based.
The key factors influencing the flow of methanogenesis under conditions of substrate mixing and constant temperature are the period of process, concentrations of bacteria and of nutrients of substrate. That is why bacteria growth may be modelled using the equation of Kobozev.
The growth of bacteria populations is also described by the model of Mono considering the dying process (the equation of Kolpykov).
One of the main parameters characterising the intensity of process of anaerobic digestion is the volume of biogas output. The equation of Chen and Hashimoto is used to determine the rate of biogas output.
Modern biogas plants are based on the use of heated reactors, since energy should be constantly spent on methanogenesis realisation. Efficient production of biogas is only possible when the total energy of the gas is significantly bigger than the energy consumed for its production. Conditions of marketable biogas production may be represented mathematically considering the heat balance of bioreactor. Material balance of substrate, biogas and biomass is a biokinetic model of bioreactor.
To describe kinetic processes of methane tank with mixing for anaerobic digestion of wastewater, it is possible to use the mathematical model developed by Andrews and Graef [7] .
Growth and development of biomass, degradation of substrate and formation of products of bioreaction are inseparably interrelated and their description is a complete model of transformation processes of organic pollutants of substrate into biogas.
This way, depending on the set parameters, conditions of anaerobic digestion and the origin of biomass, the process can be described by various models. Expedi-ent choice of models makes it possible to project and operate efficiently with anaerobic digestion of biomass.
The models above have certain disadvantages: the simplest models, based on algebraic equations, allow predicting the dynamics of methane formation, but they do not always provide an adequate forecast. Equations of the models are based on empirical correlations for specific conditions. Complex models are based on Cauchy problem for systems of ordinary differential equations and on initial and boundary value problems for differential equations in partial derivatives, but the range of their applications is limited.
For example, the model of Andrews and Graef (1971) operates only at a fixed temperature and contains one type of microorganisms; the model of Batstone (2002) is complex and described by 32 ordinary differential equations characterised by cumbersome calculations; the model of Zaher (2009) is reliable only at a fixed temperature of periodic processes [13] , [14] .
The existing mathematical models of biogas output [10] - [12] are based on microbiological processes in the digester and biogas plant compound, and do not include the initial phase of fermentation and compound of loaded biomass.
To eliminate these disadvantages, the authors of the research propose using modelling for predicting biogas output at the two-stage process of anaerobic digestion of biomass. The aim of the research is to develop a mathematical model of digestion process of organic waste by Konto's model verification.
EXPERIMENTAL MODELLING
To describe complex systems of anaerobic treatment of organic waste, wastewater and biomass, equations based on dependencies of Mono and Michaelis-Menten are used:
where -the rate of conversion of organic substrate, kg/(m 3 •per day); К mthe maximum specific rate of substrate utilization, kg / (kg per day); K s -Mono's constant, which is equal to substrate concentration at , kg/m 3 ( -the specific growth rate of biomass per day); -the maximum specific rate of biomass growth per day); x -the concentration of biomass, kg/m 3 ; -the rate of growth of biomass, kg/(m 3
•per day); -the increase of biomass at utilisation of substrate, kg/kg; b -the rate of inactivation of biomass, a day -1 . The equation below is obtained by substituting equation (1) with equation (2) and dividing by x:
where the specific growth rate of biomass µ is associated with substrate utilisation. The value changes depend on specific characteristics of microorganisms and biomass.
For further simulation, the model of Konto is used to describe the process of anaerobic digestion of organic waste mathematically: (4) where τ b -the rate of methane forming, m 3 •per day; B -the limit of methane output per unit of mass of organic matter loaded in the digester under the condition of infinitely long duration of process, m 3 /kg; S -the concentration of organic matter at the loaded substrate, kg/m 3 ; τ -the duration of fermentation, days; )
-the kinetic parameter of process.
From equations (1) and (4), it is clearly that at a certain load the rate of biogas output τ b depends on the maximum possible formation of methane B , the time of stay of fermented biomass in the digester and kinetic parameters m µ and К.
Limit output of methane B depends on factors that determine the chemical compound of biomass.
RESULTS AND DISCUSSION
Dependences of productivity of biogas output τ b on the digestion time τ are obtained on the basis of experimental research [3] , [4] , [15] (Fig. 1) . Dependence of rate of biogas output on the fermentation duration is obtained by using equation (4) -the model of Konto and values of the dependences (Fig. 1) .
The dependence of biogas output τ b on the fermentation time demonstrates that the optimal duration of fermentation substrate is 4-6 days. After the 7 th -8 th day, a decrease in productivity takes place so the fermentation process becomes inappropriate.
Using the obtained dependences, the authors of the research implemented the verification of Konto's model. The following dependence is obtained:
The coefficient of determination for this function R 2 is equal to 0.99. However, as it is seen from the graph, curve 2, based on the experimental data and model of Konto, describes only a decline in the function of biogas output rate.
To complete the description of the process, using the experimental data curve 1 is obtained with the equation below: 1 -the experimental data; 2 -the model of Konto; 3 -the approximation curve of process of primary digestion of substrate. (6) The coefficient of determination for this function R 2 is equal to 0.98. Equation (6) describes the growth of function of biogas output rate. It is important for the description of the whole process of fermentation and the further optimisation of the digestion process.
The interpolation using the Lagrange polynomial of the 4 th degree allowed obtaining the expression below: (7) Using equation (7) allows predicting the anaerobic processing of organic waste by considering the rate of biogas output and the intensification of the digestion process.
CONCLUSIONS
Depending on the set parameters, the conditions of anaerobic digestion and the nature of biomass origin, the process can be described by various models. Expedient choice of models makes it possible to project and operate with anaerobic processing of biomass efficiently.
The obtained dependency is valid only for the studied input substrate, since biogas output depends on the compound, state and properties of the substrate.
